Introduction
Prostate cancer (PCa) is the most common malignancy in the male urinary system and is a major contributor to cancer-related deaths worldwide. While the incidence of PCa is highest in Western countries, in recent years, it has been increasing in Asian countries. 1 According to 2016 statistics for Americans, ~180,890 new cases of PCa were diagnosed, accounting for 21% of all new cancer cases, and caused 26,120 deaths, accounting for 8% of all cancer-related deaths. 2 In order to improve survival rates of patients with PCa, it is important to diagnose and treat it at an early stage. The most important method for PCa screening is the prostate-specific antigen (PSA) test; according to a European randomized study of screening for PCa, this test can dramatically lower associated mortality rates. 3 Unfortunately, the PSA test has some limitations. PSA is not a specific biomarker of PCa; serum levels of PSA can also rise in response to another common disease in elderly men, benign prostatic hyperplasia (BPH). Therefore, because of its low specificity for PCa, positive PSA test generally leads to many unnecessary biopsies. In addition, overdiagnosis and overtreatment of indolent cancers reduce patients' quality of life and increase their financial burden. 4 The PSA test has even lower specificity when PSA levels are in the range of 4-10 ng/mL, which is conventionally defined as gray zone; in this PSA range, only 25% of men who undergo biopsy are actually diagnosed with cancer. 5 Several PSA parameters have been reported to improve the specificity of detecting PCa early, including PSA density, PSA velocity, PSA doubling time, and f-PSA percentage. However, even with these extra parameters, the ability of the PSA test to discriminate between cancerous and noncancerous conditions is still unsatisfying. 6, 7 Therefore, in order to maintain a high sensitivity and avoid unnecessary biopsies of patients within the PSA "gray zone", it is important to develop adjunct clinical tools to help decide which patients actually need biopsies. Various other biomarkers and protocols have been explored and have achieved some promising results. [8] [9] [10] [11] After diagnosis, a crucially important issue is to assess aggressiveness of cancer, so as to discriminate indolent PCa from aggressive ones, enabling the doctors to discriminate patients suitable for active surveillance from those who need radical prostatectomy. 12 The Gleason score (GS) of prostate biopsy specimens diagnosed by pathologists is of crucial importance to assess aggressiveness of PCa; however, several studies revealed discrepancies of GS between biopsy specimens and the corresponding radical prostatectomy specimens. 13 This leads to a large number of overtreatment of indolent PCa. Therefore, development of effective tools for diagnosis and assessment of PCa is quite urgent.
Blood is the most widely used biofluid for non-invasive disease assessment because of minimal invasiveness and convenient collection in clinical practice. During malignant transformation, the biomolecular components such as amino acid, peptide metabolites, lipids and nucleic acid in human blood alter due to apoptosis and necrosis of cells; as a result, blood can potentially provide biomarks for early diagnosis of cancer and monitoring prognosis.
14 Recently, serum metabolites have been studied to analyze constituent difference in blood between PCa patients, BPH patients and healthy people and probing PCa with a high accuracy. Serum metabolomics revealed four main components differences (alanine, pyruvate, glycine and sarcosine) between PCa and healthy people, with a discriminating accuracy of 90.2%. In addition, three main component differences (alanine, pyruvate and glycine) were able to discriminate 92.9% of low-grade (LG; GS 7) PCa from high-grade (HG; GS 7) PCa with 92.5% sensitivity and 93.3% specificity. 15 1 H-nuclear magnetic resonance (NMR)-based metabolic profiling of filtered serum revealed that alanine, sarcosine, creatinine, glycine and citrate were able to discriminate PCa from BPH, exhibiting a high accuracy (88.3%) to differentiate PCa from BPH. 16 Serum metabolites showed promising capacity of analyzing molecular composition, however, they are an expensive and complex technology, which may introduce challenges for clinical application. 17 Numerous methods and techniques have been applied in PCa detection, such as computed tomography (CT)/positron emission tomography (PET) by 18 F-choline 18 and gallium-68 PSMA ligand Glu-urea-Lys(Ahx)-HBED-CC, 19 biopsy 20 and PSA screen. 21 However, it is difficult for CT to detect PCa in early stage. Biopsy, as an accurate diagnostic method in invasive way, may bring patients more body damages and suffers. A recent study has shown great diagnostic specificity achieved in the detection of PCa by ELISA, in which TKTL1 in serum was taken as a special molecular marker, but it was some what time consuming in diagnosis. 22 Pihikova et al 23 proposed a new electrochemical lectin-based immunosensor, a construction with sandwich configuration, which could effectively discriminate serum samples from healthy individuals and patients with PCa, but the molecule preparation is complex. Similar to our study, there was another research that also used surface-enhanced Raman spectroscopy (SERS) to measure serum spectra for prostate detection and showed great advantage as an invasive method. 24 This work involved normal and PCa participants with support vector machine (SVM) classification and lack of BPH discrimination.
Raman spectroscopy is a non-invasive technology that can provide fingerprint-type molecular and chemical information of biological samples. SERS is a special type of Raman spectroscopy that utilizes nanotechnology. By mixing the sample with silver nanoparticles (AgNPs) or gold nanoparticles (NPs), the Raman signal of the sample can achieve 10 6 -10 14 times signal enhancement and at the same time inhibit the autofluorescence background interference. 25 As a result, SERS has been widely applied in medical science to detect proteins, nucleic acids, DNA and other biomolecules. 26 In recent years, SERS has been used to diagnose various cancers with a high accuracy, such as breast cancer, colorectal cancer and bladder cancer. [27] [28] [29] An investigation into diagnosing PCa in 2015 reported that by analyzing the Raman spectra of serum separated from a peripheral blood sample and applying SVM techniques, PCa could be diagnosed with an accuracy of up to 98.1%. 24 While this study offered extremely promising results, it focused on developing the methodology for using SERS in PCa diagnosis and thus did not study the method in a clinically relevant situation. Thus, this method would become closer to clinical application if it was tested on clinically relevant subjects. According to pathological diagnosis results in males who have received prostate biopsies, most confirm the presence of PCa or 
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Detection of Pca by sers BPH. Therefore, if SERS could be validated to distinguish between PCa and BPH in patients whose serum PSA levels are in the gray zone, this would represent a highly beneficial diagnostic tool that would reduce the number of unnecessary biopsies for PCa.
As a type of spectrum technology for characterizing molecular vibration, surface-enhanced Raman scattering (SERS) can recognize and identify substances at the molecular level, and it has several advantages: offers a quick response, has a high accuracy and strong sensitivity, is noninvasive and hard to quench and can provide a spectrum's fingerprint in traces, through which detailed information, such as molecular vibration, rotation, crystal structure and phase transition, can be obtained on the molecular scale. Owing to these advantages, it has been applied in various human organs and shown promising results. 30 Several studies have reported applications of Raman spectroscopy for PCa, from cell lines to prostate tissue. In 2003, Crow et al 31 distinguished BPH from adenocarcinoma with sensitivities and specificities 90% and found that tissue of adenocarcinoma contained higher concentration of nucleic acids and lower concentration of glycogen compared with tissue of BPH. In 2007, they used Raman spectroscopy to investigate the biochemical changes in tissues from BPH, prostatitis, GS 7 PCa, GS =7 PCa, and GS 7 PCa, and they found that DNA concentration, choline and cholesterol increased with malignancy, which represented the biochemical alteration during malignant transformation that potentially arose because of increased proliferation and necrosis. 32 In addition, Raman spectroscopy has been used to distinguish cell lines of PCa, including LNCap, PCa2b, DU145, and PC3, with a sensitivity of 96% and a specificity of 99%. In this study, the authors found that the poorly differentiated cell lines (DU145 and PC3) had lower concentrations of glycogen. 33 However, using Raman spectroscopy as clinical tool has some drawbacks, such as light cannot penetrate the sample deeply enough, making the Raman signal too weak, which has hindered its clinical application. SERS can overcome the major defects of regular Raman spectroscopy: once AgNPs or gold NPs are added into the target sample, the strong surface plasmon resonance among the metal NPs can create a localized electromagnetic field and greatly increase the Raman signal by up to 10 6 -10 14 times. 34 Therefore, this study investigated if the SERS spectra of serum could be used to detect PCa in males with PSA levels in the gray zone who had already received prostate biopsies in our medical center and were given a pathological diagnosis. Subjects are in good agreement with actual clinical situation, and they were diagnosed with either PCa or BPH. Our results clearly show that SERS can be used to highly accurately discriminate between PCa and BPH, suggesting that SERS is a promising tool that may help doctors make decisions about whether a patient with a PSA level in the gray zone needs a biopsy.
Materials and methods study population and collection of blood serum samples
The experimental protocols were approved for the use of human subjects by the institution ethics committee of Shanghai Ren Ji Hospital affiliated with Shanghai Jiao Tong University and by the institution ethics committee of Shanghai University, and all methods were carried out in accordance with the approved guidelines. Patients who were suspected of PCa and were to receive ambulatory prostate biopsy were informed about the study in detail and gave their written informed consent. Patients with the following criteria were included in: patients who agreed to join this study, patients 65 years old and patients with total PSA within 4-10 ng/mL. The exclusion criteria were as follows: patients with acute prostatitis, patients who had previously regularly taken dutasteride or finasteride and patients who had cancers at other sites in the body. These exclusion criteria were chosen because the conditions may affect PSA levels or interfere in their measurement. The prostate biopsy was a transperineal 12-core biopsy performed by an experienced surgeon. According to the final pathology results of biopsy samples diagnosed by two experienced pathologists, patients were divided into two groups, those with PCa and those with BPH; both groups contained 40 patients. The detailed clinical information for the patients is shown in Table 1 . After 12 hours of overnight fasting, all patients (who all received prostate biopsies) gave 3-mL blood samples. The samples were centrifuged with 3,000 rpm for 5 min. Subsequently, serum samples were collected and were then frozen at −80°C before the SERS analysis.
AgNP preparation
AgNPs were synthesized by the sodium citrate reduction method. 35 Briefly, 1 mL of a 0.1 M AgNO 3 solution was added into 100 mL deionized water and heated to boiling. In all, 1.8 mL of a 1% sodium citrate tribasic solution was added into the AgNO 3 solution mentioned earlier. The solution was kept boiling until the color of solution turned celadon. The AgNPs were observed using a scanning electron microscope (SEM; Figure 1 ). Before SERS measurement, 10 min centrifugation at 7,800 rpm was needed to obtain a silver colloid in a higher concentration. In all, 40 μL of silver colloidal NPs were homogenously mixed with 20 μL of serum. After incubating for 5 min at room temperature, a drop of the mixture was transferred onto a silicon plate for SERS measurement. A Raman microscopy (inVia Renishaw, London, UK) was used for the collection of SERS spectra with a spectral resolution of ~1 cm . The 633-nm He-Ne laser was focused on the sample surface with a spot diameter of 6 μm. The spectral data acquisition time was 10 s by a Leica DM2500 microscope (Leica Microsystems, Wetzlar, Germany) equipped with an objective lens of L50× (NA 0.5). We randomly measured three points on the sample. Data were acquired using the software WiRE 2.0 (Renishaw, London, UK), and the spectra preprocessing and analysis were performed using the software Origin (OriginLab Corporation, Northampton, MA, USA) and SPSS (IBM Corporation, Armonk, NY, USA).
Results
A total of 80 patients were selected to undergo prostate biopsy; their descriptive clinical characteristics are summarized in Table 1 . According to the final pathology results of biopsy samples diagnosed by two experienced pathologists, patients were divided into two groups. The PCa group accounted for 50% of the patients, while the remaining 50% (40 patients) of the patients were in the BPH group. Comparing clinical characteristics of PCa and BPH patients, we can find that they have similar ages and PSA levels. In addition, there were no significant differences in abnormal magnetic resonance imaging (MRI) image ratio and abnormal digital rectal examination (DRE) ratio, and current clinical tools were not able to discriminate PCa from BPH without biopsy.
We measured 120 spectra from the PCa group, 120 spectra from the BPH group and 120 spectra from the control (CTR) group. All spectra were normalized to the integrated area under the curve in the range of 400-1,800 cm −1 , and the fluorescence backgrounds were removed. In this study, we applied SERS to the serum of PCa and BPH patients with a PSA level in the gray zone to determine if this analysis could detect PCa. We measured the SERS spectra of blood serum from the three groups, as shown in Figure 2 . Upon comparing the SERS spectra of serum among the PCa, BPH and CTR groups, there are some discernible differences found at peaks 492, 637, 727, 743, 808, 960, 1,134, 1,208, 1,326, 1,445, 1,573 and 1,655 cm , and these specific differences suggest a great potential for SERS in discriminating PCa from BPH in men with PSA of 4-10 ng/mL. The PCa samples show much higher intensities at peaks 637, 808 and 1,655 cm , indicating that these differences could potentially discriminate PCa from BPH. Raman spectra provide fingerprint information of biological Note: P-value is the probability of the extreme result. Abbreviations: PCa, prostate cancer; BPH, benign prostatic hyperplasia; PSA, prostate-specific antigen; DRE, digital rectal examination.
Figure 1
The SEM image of AgNPs (scale =100 nm). Abbreviations: SEM, scanning electron microscope; AgNP, silver nanoparticle.
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Detection of Pca by sers molecules in samples. 24, 36, 37 The tentative assignments of serum SERS spectra bands are listed in Table 2 . The cancer group contains higher concentration of amide I and C=C lipid stretch (1,655 cm −1 ) in serum, while lower concentration of glycogen (492 cm ), and guanine in DNA (1,573 cm −1 ). Principal component analysis (PCA) and linear discriminant analysis (LDA) were applied to discriminate among PCa, BPH and CTR groups. In total, 120 post-processed spectra of PCa, 120 spectra of BPH and 120 spectra of CTR were analyzed, giving nine PCs (PC1-PC9) that were significant (***P0.001) for discriminating the three groups, accounting for 75% of the variance of the data. Then, using the leave-one-(spectrum)-out cross-validation, the three significant PCs were used to develop the LDA-discriminated model. By utilizing the PCA-LDA diagnostic model and the scatter plot of the linear discriminant scores of CTR, PCa, and BPH, the serum spectra were analyzed, as shown in Figure 3 . The majority of PCa, BPH, and CTR plots can be separated by the separation line with a minimal overlap. Table 3 summarizes the confusion matrix of the PCA-LDA model based on the SERS spectra of serum. The second row indicates that 39 CTRs are recognized correctly, 0 CTR is recognized as BPH and 1 CTR is recognized as PCa. The third row indicates that 36 BPHs are recognized correctly, 0 BPH is recognized Abbreviation: sers, surface-enhanced raman spectroscopy. Table 4 lists the performances over each single group (ie, a single group versus the combination of other two groups), which can be directly calculated from Table 3 . The SERS spectra were used to distinguish the high-and low-risk cancers in the PCa group using the same method mentioned earlier, as shown in Figure 4 . The result also shows the obvious differences with an accuracy of 92.3%, a specificity of 95% and a sensitivity of 89.5%, which are summarized in Table 5 .
To further evaluate the ability of the PCA-LDA model based on the SERS spectra of serum to discriminate between HG and LG in patients with a PSA level of 4-10 ng/mL, the receiver operating characteristic (ROC) curves were plotted with PCA-LDA, as shown in Figure 5 . The integration of the area under the ROC curve (AUC) is 0.966.
Discussion
In our study, the Raman signal of blood serum was greatly enhanced when it was mixed with AgNPs. In addition, SERS can be used to investigate individual components in detail and provide ultrasensitive molecular and chemical information.
SERS has been used to analyze biological molecules, from DNA, nucleotides to proteins. 38, 39 On this basis, SERS has been extensively used to detect various cancers with a high accuracy in recent years. [27] [28] [29] In the present study, the SERS spectra of serum revealed significant differences between cancer patients and BPH patients, implying biomolecular component differences in blood. The Raman peak of 492 cm −1 is related to glycogen, while 1,445 cm −1 is related to CH 2 bending, collagen/lipids. Because both peaks exhibited lower signal intensity, this may suggest some changes in glycogen and lipids in PCa blood serum. This probably results from the tumor's vigorous metabolism and proliferation, which consume considerable glycogen and fat. 40 Glycogen content was observed to decrease in esophageal and bladder cancer blood samples, compared to that in the blood samples of healthy subjects. 29, 41 There was also a relative intensity decrease in peak 1,208 cm −1 , indicating a reduction of tryptophan in blood, which is in agreement with a report on the Raman signal change in malignant gastric tissues. 42 The abnormal changes in the constitutes of PCa are in good agreement with biochemical analysis' results of blood serum detection.
Recent studies have reported several peaks of 860, 941, 1,003/1,006, 1,445/1,455, and 1,659 cm −1 found in Raman spectra detected from prostate tissues. 43, 44 Compared with Raman peaks in serum (Table 2) , the chemical components 
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Detection of Pca by sers assigned tentatively by related peaks showed many differences. In detail, the lipid-phosphate group of PO 4 corresponding to 860 cm −1 peak was present in prostate tissue but absent in serum, while the serum may contain hypoxanthine (in 727 cm −1 ) that lacked in tissue. Although higher diagnosis accuracy might be provided, the tissue Raman spectra detection, as a kind of direct but invasive methodology, could bring patients much more suffers. On the contrary, the serum spectra detection adopted in this study need no more than a wee bit of blood sampled from patients when taking routine body examination. For urine Raman spectra detection, 45 a pilot trial for PCa diagnosis seemed to be much more invasive and safer than using serum; however, its accuracy and specificity were inferior to serum detection. This study shows a high diagnostic accuracy of serum SERS detection for PCa, and the accuracy is believed to be high enough to take the place of biopsy in PCa diagnosis to some extent, thus lessening much pain and suffering for patients. Among several common detection methods for PCa, SERS shows a relatively high sensitivity (Table 6 ). In addition, using highconcentration sliver colloid as enhancement substrate, serum containing some biomarkers and PCA-LDA analysis with a high accuracy may also contribute to the high accuracy of SERS detection as the potential factors.
The Raman shifts (cm −1 ) of the serum spectra were same using 514, 633, and 785 nm as the light source. The Raman signal using 514 nm as the light source were stronger than the signal using 633 and 784 nm as the light sources, but the higher fluorescent background make the Raman signal hard to be figured out for the biomolecular analysis. 50, 51 Raman spectra analysis of the biomedical samples always use 785 and 633 nm as light sources with a low fluorescent background. In this study, 633 nm source is suitable for the Raman signal measurement using AgNPs as the enhance substrates with a low fluorescent background by our experiments.
Spectra analysis can provide quantitative information about how biochemical constituents change with malignant transformation. However, between the PCa and BPH groups in this study, the variations in the spectra along with the overlapping peaks mean that quantitative analysis of peak intensities from SERS can only provide limited information for differentiation. In order to fully utilize the whole SERS spectrum and automatically determine the most meaningful spectral features that can be used to differentiate PCa from BPH, we used PCA-LDA to analyze the spectra data and built a diagnostic algorithm for differentiation, a technique that has been widely used in spectral data management in many studies and has shown promising results. 27, 42, 52 In our study, by utilizing the PCA-LDA model, the PCa, BPH and CTR groups were separated significantly. Figure 3 shows the scatter plot of the linear discriminant scores of CTR, PCa and BPH serum spectra. These three groups can be differentiated significantly with only a little overlap, and the diagnostic sensitivity and specificity of each group are shown in Table 4 . In addition, this technique can significantly differentiate low-and high-risk cancers with an accuracy of 92.3%, a specificity of 95% and a sensitivity of 89.5%.
Conclusion
Our study chose to evaluate a promising technique for detecting PCa using subjects who accurately reflect an actual clinical situation. Overall, the SERS diagnostic approach shows a great potential in characterizing the differences in 
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chen et al biochemical constituents within the blood serum of PCa and BPH patients who had a PSA level in the gray zone. Combined with the PCA-LDA multivariate analysis, this diagnostic technique can attain high sensitivity, specificity and accuracy, thus demonstrating that the SERS could be a promising clinical tool for improving the rate of positive PCa results from biopsies in men who have a PSA in the gray zone, while only a small number of cancers are missed. Related closely to the actual conditions of clinical practice, our study applied SERS to the urgent issue of PCa detection and achieved promising results, which could be meaningful for promoting the clinical application of SERS.
